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Ytterbium-doped calcium pyroniobate single crystal has been grown for the ﬁrst time. Spectral properties of Yb: Ca2Nb2O7 were
investigated by emission and absorption spectra. Its cooperative luminescence and ﬂuorescence lifetime were also studied. Yb ions in
Ca2Nb2O7 showed very broad absorption and emission bandwidth and relatively large absorption and emission cross-sections. Along
with other optical properties, this Yb-doped crystal would be a potential self-frequency doubling femtosecond laser gain material.
r 2007 Published by Elsevier B.V.
PACS: 42.70.Mp; 78.20.e; 78.55.m; 78.40.q
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Because of the scientiﬁc and industrial application of
femtosecond lasers, many efforts have been made to
develop efﬁcient, compact and tunable femtosecond lasers
in the past decades. Yb ion-doped solid state materials
were shown to be ideal candidates for these applications.
This is mainly because of some special properties of Yb3+
ions: large and broad emission bands, weak thermal loads
in the gain media, and broad absorption spectra that match
the emission bands of high-power In-GaAs diode lasers.
In order to develop diode-pumped ultra-short laser
systems, Yb-doped materials with broadest emission
spectra are favorable. Thus various ytterbium-doped
materials have been produced, investigated by optical
methods and tested in the femtosecond laser experiments.
There are two general categories of Yb-doped solid state
materials—glasses and crystals. Until now, ytterbium-
doped crystals never surpassed their glasses counterparts,
for example, silicate and phosphate, which generatede front matter r 2007 Published by Elsevier B.V.
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[1,2]. The Yb-doped glasses own very large emission
bandwidths and thus enable the generation of very short
pulses. However, poor thermal properties and small
emission cross-sections of these glasses limited their
performance for subsequently induced low gain and very
strong thermal effects. So, searching for crystals with
better physical properties, similar broad emission band-
width and larger gain efﬁciency becomes very interesting
and urgent.
Traditionally, crystals are considered as good examples
of long-range ordered array of atoms. Such an ordered
structure often tends to keep the absorption and emission
bandwidth of rare-earth ions narrow (the emission
bandwidth is only 10 nm wide for Yb:YAG, for example).
Calcium pyroniobate crystal (Ca2Nb2O7), with space group
P21 [3], was initially discovered as a piezoelectric and
electro-optic crystal operating at room temperature, and
belongs to the family of pyrochlore-type oxide compounds
(A2B2O7) [4–10]. Recently it was found to be a highly
efﬁcient nonlinear optical material [11] and Nd3+-doped
Ca2Nb2O7 showed quite broad absorption bandwidth
(20 nm) at 798 nm [12]. In this paper, we investigated the
Ca2Nb2O7 crystal doped with Yb
3+ and reported the
spectral results of this disordered Yb-doped crystal system
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Table 1
Numerical data on typical Yb-doped materials used in femtosecond oscillators
Characteristic parameters YAG KY(WO4)2 KGd(WO4)2 Glass Ca4GdO(BO3)3 SrY(BO3)3 Ca2Nb2O7
Emission spectral bandwidth (nm) 10 24 25 35 44 60 57
Experimental pulse duration (fs) 340 71 112 58 89 69 –
Zero-line wavelength (nm) 968 981 981 975 976 975 975
Absorption cross-section at zero-line (1020 cm2) 0.94 13.3 12 0.67 0.87 0.94 0.88
Absorption bandwidth (nm) 3 3.5 3.5 7 3 6 7.5
Fluorescence lifetime (ms) 0.95 0.7 0.75 1.3 2.6 1.1 0.57
Emission cross section at the natural laser bandwidth
(1020 cm2)
2.2 3 2.8 0.05 0.35 0.2 0.9
Ref. [2,13] [14,18] [15,18] [2] [13,16] [13,17] This work
Fig. 1. XRD pattern of raw-material powder before crystal growth: the phase of raw-material powder for crystal growth corresponds well with standard
JCPDS card.
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several Yb-doped materials (as shown in Table 1).
2. Experimental procedure
The Czochralski method was used to grow Yb3+:
Ca2Nb2O7 crystals. In order to obtain crystal with high
quality, pure Ca2Nb2O7 crystals was grown by using an
iridium wire as seed and then seeds obtained from the as-
grown crystal was used in the following crystal growth. The
chemicals used were CaCO3, Nb2O5 and Nd2O3 with
99.999% purity. They were weighed according to the
following chemical reaction equations when used to
synthesize raw materials of pure and doped Ca2Nb2O7
crystal:
2CaCO3 þNb2O5 ¼ Ca2Nb2O7 þ 2CO2m;
2ð1 2=3xÞCaCO3 þ x=2Yb2O3 þNb2O5
¼ Ca2ð1 2=3xÞYbxb2O7 þ 2ð1 2=3xÞCO2m:Raw materials were produced by solid-state reaction
method. After being thoroughly ground, the mixture of
chemicals was extruded under 100Mp to form column
bulks, placed in the alumina crucible and held at 1100 1C
for 12 h in a mufﬂe furnace to prepare the polycrystalline
materials. This process was repeated once again to assure
adequate solid-state reaction. The phase of raw-material
powder after these two steps corresponds well with
Ca2Nb2O7, indicated by its XRD pattern shown in Fig. 1.
Pure and doped Ca2Nb2O7 crystals were grown in a
frequency induction furnace in an iridium crucible.
Nitrogen with 99.999% purity was used as the protecting
atmosphere. The pulling rate was 1mm/h and the rotation
rate was 8 rpm. During the cooling process both the pure
and doped Ca2Nb2O7 crystals show a strong tendency to
crack by cleavage. The main cleavage planes were
conﬁrmed to be (0 1 0) by X-ray diffraction (Rigaku
D/MAX 2550V X-ray diffractometer). This is partly
understandable from the structure of this crystal: the
(0 1 0) planes have the largest interplanar spacings
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Fig. 2. Polished Yb: Ca2Nb2O7 samples: one minimal square in the
background corresponds to one square millimeter; edges of the crystals
were not very smooth because of the cleavage during polish.
Fig. 3. Normalized absorption and emission spectra of Yb: Ca2Nb2O7:
the FWHM of absorption peak at around 975nm (zero phonon line of
Yb3+ ion in Ca2Nb2O7, average of two main absorption peak-positions) is
up to 7.5 nm; the FWHM of the emission spectrum reaches 57 nm.
G. Yao et al. / Journal of Crystal Growth 310 (2008) 725–730 727(b ¼ 13.385 A˚), which is much larger than that of other
planes. Samples were cut from the obtained crystal and
processed for spectroscopic experiments, as shown in
Fig. 2.
The unpolarized absorption spectrum with 0.2 nm
resolution of Yb: Ca2Nb2O7 was measured through the
(0 1 0) plane with a UV/VIS/NIR spectrophotometer
(Model V-570, JASCO). Fluorescence spectra with 0.5 nm
resolution were measured by TRIAX 550-type spectro-
photometer made by Jobin-Yvon Company, with a 940 nm
laser diode as the pumping source. The ﬂuorescence
lifetime was measured by exciting the samples with
940 nm laser diode working in the pulse mode and
collecting data by an S1-photomultiplier tube.
3. Results and discussions
Fig. 3 shows the normalized absorption and emission
spectra of Yb: Ca2Nb2O7. Strong absorption and emission
originate from the 4f13—4f13 transitions of Yb3+ ions.
From Fig. 3 one can notice that Yb: Ca2Nb2O7 owns broad
absorption and emission spectra simultaneously, especially
the emission one. The FWHM of absorption peak at
around 975 nm (zero phonon line of Yb3+ ion in
Ca2Nb2O7, average of two main absorption peak-posi-
tions) is up to 7.5 nm, which is even larger than those of
Yb-doped glasses. The FWHM of the emission spectrum
reaches 57 nm, which is also comparable with glasses. Such
a line broadening may be related to the charge imbalance
when Yb3+ ions enter the lattice consisted of Ca2+, Nb5+
and O2 ions. Inhomogeneous broadening appears as a
result of disordered replacement by doped trivalent Yb
ions.
Stark levels are not so clear because of the inhomoge-
neous broadening of spectra. However, the ground level
splitting of Yb3+ ions in Ca2Nb2O7, which is around
732 cm1, can be determined from the energy difference
between the zero line and the longest emission peakwavelength. This extent of ground-level splitting is large
enough for the quasi-three-level laser operation of Yb3+
ions. Related data of typical Yb doped materials used in
femtosecond oscillators are given in Table 1. Data collected
in this work also presented in Table 1 for comparison.
The absorption cross-section of Yb3+ was calculated
according to the expression: sabs ¼ a/N, where a is the
absorption coefﬁcient and N is the concentration of Yb3+
ions. The concentration of Yb3+ ions was determined by
energy dispersive spectrometer (EDS) to be 3.4 1020 cm3
in Ca2Nb2O7. Using these data, we estimated the peak
absorption cross-section sabs at 972.4 nm to be 0.88
1020 cm2. Peak-absorption cross-sections remain high
when compared with the values observed in reference
materials. In addition, peak absorption of Yb3+ ions in
this crystal is not only intense but also quite broad, which
makes Yb: Ca2Nb2O7 favorable for efﬁcient diode pump-
ing at around 980 nm.
To determine saturation pump intensity Ipsat, the lifetime
of Yb3+ ions in Ca2Nb2O7 should be measured. The decay
curves of Yb: Ca2Nb2O7 are shown in Fig. 4. They are well
ﬁtted by the ﬁrst-order exponential decay. The lifetime of
two main emission peaks turns out to be different: 0.99ms
for 1023 nm peak and 0.88 nm for 1046 nm peak. This is
understandable: from absorption and emission spectra
(Fig. 3) we can clearly notice that re-absorption processes
are much stronger at around 1023 nm than those at around
1046 nm. This behavior was further enhanced by the
circumstance that the measurement was carried on bulk
crystal. It is also possible that such a difference is partly
originated from the multi-doping sites of Yb3+ ions in
Ca2Nb2O7. The work of precise determination of multi-
doping sites is already under way. However, the above
mentioned processes and possibility make the measured
lifetimes unreliable. So the lifetime is calculated from the
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G. Yao et al. / Journal of Crystal Growth 310 (2008) 725–730728absorption spectrum by using the following equation:
1
trad
¼ 64pn
2c
6l4mean
Z
sabsðlÞdl, (1)
where lmean is taken to be the central wavelength of the
fundamental absorption line, sabs is the absorption cross-
section at each wavelength, n represents the refractive index
of the medium and c is the light velocity. Ca2Nb2O7 is a
biaxial crystal, with the refractive indices n1 ¼ 1.97,
n2 ¼ 2.16 and n3 ¼ 2.17 [10]. In this work we take the
average value of 2.1. Thus the ﬂuorescence lifetime ofFig. 4. First-order exponential ﬁtting of decay curves of different emission
peaks in Yb: Ca2Nb2O7: the lifetimes of two main emission peaks turn out
to be different (0.99ms for the peak at 1023 and 0.88 nm for the one at
1046 nm).
Fig. 5. Emission cross-section of Yb: Ca2Nb2O7 determined by reciprocity m
emission cross-section after convergence between two methods).Yb3+ ions in Ca2Nb2O7 is calculated to be 0.57ms, shorter
than the measured ones as expected (Fig. 5).
The saturation pump intensity Ipsat was determined by
the following equation:
Ipsat ¼ hc=tradsabsplp. (2)
So, the Ipsat at absorption peak of Yb: Ca2Nb2O7 is around
40.8KW/cm2, which is comparable to the glass counter-
parts [2].
The minimum pump intensity Iminwas derived by
Imin ¼
slabs
slabs þ slem
Ipsat, (3)
where slabs and slem are the absorption and emission cross-
section at the laser wavelength. By using Eq. (3), we
obtained Imin for 1023 nm laser output is 3.1 kW/cm
2 and
that for 1046 nm laser output is 0.79 kW/cm2. We may
predict that laser output at around 1046 nm of Yb:
Ca2Nb2O7 is preferential and the Imin around this
wavelength is smaller than that of Yb:YAG and Yb-doped
glasses [2].
The emission cross-section of 2F5/2
2F7/2 transitions of
Yb3+ ions can be calculated by the reciprocity method
(RM) and Fu¨chtbauer–Ladenburg method (F–L) [13]. The
expressions of these two methods are
sem ¼ sabs
Zl
Zu
exp½ðEZL  hcÞkT  ðRMÞ, (4)
sem ¼
l5IðlÞ
8pn2ctrad
R
lIðlÞdl ðF LÞ: (5)
In Eq. (4), sabs is the absorption cross-section at
wavelength l. Zl and Zu are partition functions for lowerethod (RM) and Fu¨chtbauer–Ladenburg method (F–L) methods (inset:
ARTICLE IN PRESS
Fig. 6. Gain proﬁle of Yb: Ca2Nb2O7 with different beta: the gain cross-section sg is given by sg ¼ bsemðlÞ  ð1 bÞsabs (b represents the faction of ions
of the excited state).
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zero-line energy, which is deﬁned as the energy separation
between the lowest stark levels of 2F5/2 and
2F7/2 levels of
Yb3+ ions. For Yb: Ca2Nb2O7 crystal, the zero line is
located at around 975 nm and the value of Zl/Zu is assumed
to be 1.0.
In Eq. (5), n represents the refractive index of the
medium and c is the light velocity. In the calculation we
take the average value of n ¼ 2.1 and use the calculated
lifetime (0.57ms).
The calculated emission cross-sections by two methods
are shown in Fig. 4. However, there are disadvantages of
these two methods: RM is applicable only in the region
with signiﬁcant absorption (fundamental transition) and
the ﬂuctuation of emission cross-section has no real
signiﬁcance. Meanwhile, the F–L is inapplicable in the
fundamental transition zone because of re-absorption, but
is well-adapted in long-wavelength side of absorption
spectrum [13]. Therefore the corrected F-L relationship
was used and the precise emission cross-section was taken
by the convergence of two methods, as shown in the inset
of Fig. 4. The emission cross-sections at 1023 and 1046 nm
are around 0.9 1020 cm2, which is relatively larger than
some reference materials, as shown in Table 1.
The gain cross-section sg is given by: sg ¼ bsemðlÞ
ð1 bÞsabs, where b represents the faction of ions of the
excited state. The gain proﬁle is given as Fig. 6. Flat gain is
crucial for the generation of ultra-short laser pulses [19].
Relatively ﬂat and strong gain of Yb: Ca2Nb2O7 appears
between 1020 and 1040 nm. However, the tunable range of
the shortest pulses may be limited. The minimum fraction
bmin of Yb
3+ ions in the excited state needed to obtain laser
emission at the wavelength 1046 nm is calculated to be1.9% (bmin ¼ sa=sa þ se, where sa and se are the absorp-
tion and emission cross-sections at the laser wavelength,
respectively). Such a low bmin means that it is easy for
Yb3+ ions to reach population inversion in Ca2Nb2O7
crystal.
When pumped by 940 nm laser diode, the Yb: Ca2Nb2O7
sample also showed weak green up- conversion lumines-
cence. The most possible mechanism for this green up-
conversion is the cooperative luminescence of Yb3+ ions,
which results from de-excitation of two Yb3+ ions at the
same time. A pair of excited Yb3+ ions at the 2F5/2 level
simultaneously relax radioactively, accompanied by the
emission of one photon, which can be described as
Yb  ð2F5=2Þ þYb  ð2F5=2Þ ! Ybð2F7=2Þ þYbð2F7=2Þ þ hv
The up-conversion spectrum F(E) can be calculated by the
convolution of the infrared one f(E) [20]:
f ðEÞ ¼
Z
f ðEÞf ðE  E 0ÞdE0. (6)
The experimental and theoretical spectra were demon-
strated in Fig. 7. Good agreement is achieved at the short
wavelength side of the broad emission peak. However,
clear difference between two lines appears at the long
wavelength side. This is understandable because there is
difference between real and ideal cooperative luminescence
processes of Yb3+ ions. For example, weak upconversion
peaks originated from energy transformation from Yb3+
ions to other rare earth impurities can be noticed in the
experimental spectrum but not considered in the theoretical
method. The predominance of Yb3+ cooperative lumines-
cence in the experimental spectrum proved the high purity
of raw materials and high homogeneity of doping ion
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Fig. 7. Experimental and theoretical spectrum of cooperative lumines-
cence in Yb: Ca2Nb2O7: the theoretical up-conversion spectrum is
calculated by the convolution of the infrared one.
Fig. 8. Dependence of the up-conversion emission intensity on excitation
power: the slope (1.74) near 2 conﬁrms the cooperative luminescence
processes of Yb3+ pairs.
G. Yao et al. / Journal of Crystal Growth 310 (2008) 725–730730dispersion in our sample. Low up-conversion efﬁciency is
preferable for infrared laser operation, too. The power-
dependent up-conversion luminescence experiments have
also been conducted. The log intensity-log power plot was
shown in Fig. 7. The line is linearly well ﬁtted, with the
slope ¼ 1.74, further conﬁrming the cooperative lumines-
cence processes of Yb3+ pairs (Fig. 8).
4. Conclusion
For the ﬁrst time, Yb: Ca2Nb2O7 single crystal has been
grown. Such an ytterbium-doped material has shown verybroad emission, strong absorption, ﬂat gain and relatively
large emission cross-section in a particular range. All these
properties make Yb: Ca2Nb2O7 a very potential gain
medium of generating femtosecond laser. The upconver-
sion process in Yb: Ca2Nb2O7 was also investigated. Along
with some other optical properties, Yb: Ca2Nb2O7 would
be a novel interesting laser material.Acknowledgements
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